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Abstract
The γ∗N → N∗(1520) reaction is studied in framework of the light cone QCD sum
rules method. The sum rules for the multipole form factors, namely, for the magnetic
dipole GM (Q
2), electric quadrupole GE(Q
2), and Coulomb quadrupole GC(Q
2), form
factors responsible for for the γ∗N → N∗(1520) transition are derived. Using these
sum rules, the helicity amplitudes are presented as the combinations of these multipole
form factors, and their Q2 dependences are studied. We compare our results on
the helicity amplitudes with those of the spectator model predictions, and with the
existing experimental data.
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1 Introduction
The study of the electromagnetic structure of the baryons proves to be an important source
for understanding their inner structure, as well as for obtaining information on strong in-
teraction in the confinement region. The electromagnetic structure of baryons is described
by the form factors whose experimental and theoretical investigations have been continuing
for a long time up today. Operation of new electron beam facilities at Jefferson Laboratory
(JLAB), Mainz Microton (MAMI) at Mainz, and MIT/Bates open new horizons in study
of the form factors of nucleons and their excitations. The nucleon excitations are stud-
ied in reactions such as scattering of electron beams or target photons from nucleons, i.e.,
e(γ∗)N → e(γ∗)N∗, where N∗ is the nucleon excitation and γ∗ is the virtual photon. Obvi-
ously, more information can be obtained about the structure of baryons at small distances
with the increasing photon virtuality.
It is hoped that the new electron beam facilities would definitely allow collecting large
amount of more precise and complete data in the studies of the electro-excitations of nucleon
resonances. Along these lines essential information has already been obtained, in particular,
for the spin-3/2 and negative parity N∗(1520) state in the range up to Q2 = 4.5 GeV 2.
Progress in the experiments has simulated new significant developments in understanding
the dynamics of QCD at large distance from theoretical side (for more detail see [1]).
In the present work we study the γ∗N → N∗(1520) transition form factors in framework
of the light cone QCD sum rules (LCSR) [2]. This transition was studied within the frame-
work of the nonrelativistic and relativistic quark model (see [3, 4] and references therein),
single quark transition model [5], and the covariant spectator quark model [6], respectively.
The experimental results for the transition form factors were obtained from CLAS data
[7, 8]. Recently new data has been obtained in a wider Q2 domain, which surely has higher
accuracy compared to the previous experimental results.
The paper is organized as follows: In section 2 the sum rules for the form factors
responsible for the γ∗N → N∗(1520) transition are obtained within the LCSR method. In
this section we also present the expressions for the helicity amplitudes which describe this
transition. In section 3 numerical results for the transition form factors, as well as for the
helicity amplitudes are presented. This section contains also discussions and conclusions.
2 Form factors of γ∗N → N∗(1520) transition in LCSR
In order to derive the light cone QCD sum rules for the γ∗N → N∗(1520) we introduce the
following correlation function:
Παµ(p, q) = i
∫
d4xeiqx
〈
0
∣∣∣T{ηα(0)jelµ (x)}∣∣∣N(p)〉 , (1)
where ηα is the interpolating current of the spin-3/2 positive parity baryons, and j
el
µ is the
electromagnetic current defines as jelµ = euu¯γµu+ edd¯γµd. The interpolating current of the
spin-3/2 baryons is given by the following expression:
ηα = ε
abc
{(
qaT1 Cσρλq
b
2
)
σρλγµq
c
3 −
(
qaT1 Cσρλq
b
3
)
σρλγµq
c
2
}
, (2)
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where q1 = q3 = u, q2 = d for the excited proton, and q1 = q3 = d, q2 = u for the excited
neutron states, respectively; and a, b, and c are the color indices and C is the charge
conjugation operator.
We start our discussion by considering the hadronic transition involving N∗(1520).
Within the framework of LCSR method this is implemented by calculating the correla-
tion function from the hadronic and quark-gluon sides, respectively, and then equating
these representations. In calculating the correlation function from the hadronic side, the
total set of hadrons which carry the same quantum numbers of the interpolating current
should be inserted in it. The contributions of the lowest spin-3/2 negative and positive
parity states can be obtained by saturating the hadronic part of the correlation function
with them, from which we get:
Παµ =
1
m 3
2
− − p′2 〈0 |ηα|
3
2
−
(p′)〉〈32−(p′)
∣∣jelµ ∣∣N(p)〉 ,
+
1
m 3
2
+ − p′2 〈0 |ηα|
3
2
+
(p′)〉〈32+(p′)
∣∣jelµ ∣∣N(p)〉 ,
+
1
m 1
2
− − p′2 〈0 |ηα|
1
2
−
(p′)〉〈12−(p′)
∣∣jelµ ∣∣N(p)〉 ,
+
1
m 1
2
+ − p′2 〈0 |ηα|
1
2
+
(p′)〉〈12+(p′)
∣∣jelµ ∣∣N(p)〉 . (3)
It should be noted here that the current ηα interacts not only with spin-3/2 states, but also
spin-1/2 states, and therefore we consider their contributions on Eq. (3).
We start by considering the last two matrix elements which correspond to the contri-
butions of the spin–1/2 states. In the general case, the matrix element 〈0 |ηα| 12+(p′)〉 is
determined as follows:
〈0 |ηα| 12+(p′)〉 = (Ap′α +Bγα)u(p′) . (4)
Multiplying both sides of Eq. (4) and using the fact that γαη
α = 0, we immediately obtain
that:
〈0 |ηα| 12+(p′)〉 = B
(
γα − 4
m 1
2
+
p′α
)
u(p′) . (5)
Similarly, from the parity consideration the matrix element 〈0 |ηα| 12−(p′)〉 is determined as:
〈0 |ηα| 12−(p′)〉 = Bγ5
(
γα − 4
m 1
2
−
p′α
)
u(p′) . (6)
It follows from Eqs. (5) and (6) that the contributions of the spin-1/2 states are proportional
to either p′α or γα, which we will use later.
The remaining matrix elements are determined as follows:
〈12+(p′)
∣∣jelµ ∣∣ 12+(p)〉 = u¯(p′)[γµF1 + iσµνqν2m 1
2
+
F2
]
u(p) , (7)
〈12−(p′)
∣∣jelµ ∣∣ 12+(p)〉 = u¯(p′)[(γµ − /qqµq2
)
F ∗1 +
iσµνq
ν
m 1
2
+ +m 1
2
−
F ∗2
]
γ5u(p) , (8)
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where |12+(p)〉 state corresponds to the one nucleon state.
The matrix elements which describe the contributions of the spin-3/2 states are defined
as:
〈0 |jα| 32+(p′)〉 = λ+uα(p′) ,
〈0 |jα| 32−(p′)〉 = λ−γ5uα(p′) , (9)
〈32+(p′)
∣∣jelµ ∣∣ 12+(p)〉 = u¯β(p′){G+1 (qβγµ − /qgβµ) +G+2 [qβPµ − (qP)gβµ]
+ G+3 (qβqµ − q2gβµ)
}
γ5u(p) , (10)
〈32−(p′)
∣∣jelµ ∣∣ 12+(p)〉 = u¯β(p′){G−1 (qβγµ − /qgβµ) +G−2 [qβPµ − (qP)gβµ]
+ G−3 (qβqµ − q2gβµ)
}
u(p) , (11)
where P = 1
2
(p+ p′); q = p′− p; and G±i are the form form factors. Using the definitions of
the residues and form factors given in Eqs. (9)-(11), and summing over spins of spin-3/2
states given as:∑
uα(p
′)u¯β(p
′) = (/p′ +m 3
2
±)
[
gαβ − 1
3
γαγβ − 2
3
p′αp
′
β
m23
2
±
+
1
3
p′αγβ − p′βγα
m 3
2
±
]
,
for the phenomenological part we obtain,
Παµ = − λ−
m 3
2
− − p′2γ5(/p
′ +m 3
2
−)
[
gαβ − 1
3
γαγβ − 2
3
p′αp
′
β
m23
2
±
+
1
3
p′αγβ − p′βγα
m 3
2
±
]
×
{
G−1 (qβγµ − /qgβµ) +G−2 [qβPµ − (qP)gβµ] +G−3 (qβqµ − q2gβµ)
}
u(p)
− λ+
m 3
2
+ − p′2 (/p
′ +m 3
2
+)
[
gαβ − 1
3
γαγβ − 2
3
p′αp
′
β
m23
2
±
+
1
3
p′αγβ − p′βγα
m 3
2
±
]
×
{
G+1 (qβγµ − /qgβµ) +G+2 [qβPµ − (qP)gβµ] +G+3 (qβqµ − q2gβµ)
}
γ5u(p)
− B+
m21
2
+ − p′2
(
γα − 4
m 1
2
+
p′α
)
(/p′ +m 1
2
+)
[
F1γµ − F2
4m 1
2
+
(γµ/q − /qγµ)
]
u(p)
− B−
m21
2
− − p′2γ5
(
γα − 4
m 1
2
−
p′α
)
(/p′ +m 1
2
−)
[
F ∗1
(
γµ − /qγµ
q2
)
− F
∗
2
2(m 1
2
+ +m 1
2
−)
(γµ/q − /qγµ)
]
γ5u(p) (12)
One can easily see from Eq. (12) that, in the first two terms which describe the contributions
of the spin-3/2 states, all structures, except gαβ contain also contributions coming from spin-
1/2 states which should all be removed. We see from Eq. (12) that the terms with γα at
left or proportional to p′α, as well as γµ at right or terms proportional to p
′
µ, describe the
contributions of the spin-1/2 states. Consider the terms multiplied by the structure /p′γα
which can be written as /p′γα = 2p
′
α− γα/p′. Both terms on the right in this identity contain
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the contributions coming from spin-1/2 states. As a result one can conclude that, in Eq.
(12) only the terms that are proportional to the gαβ structure describe the contributions of
spin-3/2 states. So, the hadronic part of the correlation function that involves contributions
from both negative and positive parity spin-3/2 states only can be written as:
Παµ =
λ−
m 3
2
− − p′2 (/p
′ +m 3
2
−)
[
G−1 (−qαγµ + /qgαµ) +G−2 [qαPµ − (qP)gαµ]
+ G−3 (qαqµ − q2gαµ)
]
γ5u(p)
− λ+
m 3
2
+ − p′2 (/p
′ +m 3
2
+)
[
G+1 (qαγµ − /qgαµ) +G+2 [qαPµ − (qP)gαµ]
+ G+3 (qαqµ − q2gαµ)
]
γ5u(p) . (13)
We see from this equation that the correlation function contains numerous Lorentz struc-
tures all of which are not independent of each other. In order to allocate independent
structures ordering of the Dirac matrices is implemented, from which we choose the order-
ing γα/p/qγµγ5. The correlation function (1) can be decomposed in terms of the independent
invariant amplitudes as follows:
Παµ = Π1[(p + q)
2, q2]/qγµγ5qα +Π2[(p+ q)
2, q2]γµγ5qα +Π3[(p + q)
2, q2]/qγ5pµqα
+ Π4[(p + q)
2, q2]γ5pµqα +Π5[(p+ q)
2, q2]/qγ5qαqµ +Π6[(p + q)
2, q2]γ5qαqµ
+ other invariant functions. (14)
Comparing Eqs. (13) and (14), we get the following set of equations from which we can
determine the form factors G±i (i = 1, 2, 3).
− λ−
m 3
2
− − p′2G
−
1 −
λ+
m 3
2
+ − p′2G
+
1 = Π1
λ−m 3
2
−
m 3
2
− − p′2G
−
1 −
λ+m 3
2
+
m 3
2
+ − p′2G
+
1 = Π2
λ−
m 3
2
− − p′2G
−
2 −
λ+
m 3
2
+ − p′2G
+
2 = Π3
− λ−m 32
−
m 3
2
− − p′2G
−
2 −
λ+m 3
2
+
m 3
2
+ − p′2G
+
2 = Π4
λ−
m 3
2
− − p′2
(
G−2
2
−G−3
)
− λ+
m 3
2
+ − p′2
(
G−2
2
−G+3
)
= Π5
− λ−m 32
−
m 3
2
− − p′2
(
G−2
2
−G−3
)
− λ+m 32
+
m 3
2
+ − p′2
(
G+2
2
−G+3
)
= Π6 . (15)
From these equations we finally obtain the following expressions for the transition form
factors G−i (i = 1, 2, 3):
λ−(m 3
2
− +m 3
2
+)
m 3
2
− − p′2 G
−
1 = −m 32+Π1 +Π2
4
λ−(m 3
2
− +m 3
2
+)
m 3
2
− − p′2 G
−
2 = m 32+Π3 −Π4
λ−(m 3
2
− +m 3
2
+)
m 3
2
− − p′2
(
G−2
2
−G−3
)
= m 3
2
+Π5 −Π6 . (16)
Using the quark hadron duality ansatz, we next calculate the invariant functions Πi
from the QCD side. In order to justify the operator product expansion (OPE) near the
light cone x2 ≃ 0, the external momenta (p + q)2 and q2 are taken to be space-like. The
result of OPE is obtained in terms of the nucleon distribution amplitudes (DAs) of growing
twist. The nucleon DAs are the key ingredient of the LCSR and they are calculated in [9]
up to twist-6. Having the explicit forms of the nucleon DAs, the the invariant amplitudes
Πi (i = 1, · · · , 6) can be written in the following form:
Πi[(p+ q)
2, q2] =
3∑
i=1
∫ 1
0
ρi,n[x, q
2, (p+ q)2]
[(q + px)2]n
, (17)
where i = 1, · · · , 6; n = 1, 2, 3. The expressions of ρi,n for the form factors G1(Q2), G2(Q2)
and
G2(Q
2)
2 −G3(Q2) are presented in Appendix A.
Substituting the results for Πi given in Eq. (17) into Eq. (16), and performing Borel
transformation with respect to (p+q)2 in order to suppress contributions of the higher states
and continuum, we obtain the following sum rules for the form factors G−1 (Q
2), G−2 (Q
2)
and
G−2 (Q
2)
2 −G
−
3 (Q
2):
λ−(m 3
2
− +m 3
2
+)G−1 (Q
2)e
−m 3
2
−/M2
= −m 3
2
+I1(Q
2,M2, s0) + I2(Q
2,M2, s0) ,
λ−(m 3
2
− +m 3
2
+)G−2 (Q
2)e
−m 3
2
−/M2
= m 3
2
+I3(Q
2,M2, s0)− I4(Q2,M2, s0) ,
λ−(m 3
2
− +m 3
2
+)
[
G−2 (Q
2)
2
−G−3 (Q2)
]
e
−m 3
2
−/M2
= m 3
2
+I5(Q
2,M2, s0)
− I6(Q2,M2, s0) , (18)
where
Ii(Q
2,M2, s0) =
∫ 1
x0
dx
[
− ρi,1(x)
x
+
ρi,2(x)
x2M2
−− ρi,3(x)
2x3M4
]
e−s(x)/M
2
+
[
ρi,2(x0)
Q2 + x20m
2
B
− 1
2x0
ρi,3(x0)
(Q2 + x20m
2
B)M
2
+
1
2
x20
(Q2 + x20m
2
B)
(
d
dx0
ρi,3(x0)
x0(Q2 + x20m
2
B)M
2
)]
e−s0/M
2
}
, (19)
where M2 is the Borel mass square, s0 is the continuum threshold and
s(x) =
x¯Q2 + xx¯m2B
x
,
x¯ = 1− x, and x0 is the solution of the equation s(x) = s0.
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It follows from Eq. (19) that the residue of the negative parity spin-3/2N∗(1520) baryon
is needed. The decay constant λ− of the negative parity N
∗(1520) baryon can be obtained
from the following two-point correlation function
Παβ(p
2) = i
∫
d4xeipx 〈0 |ηα(x)η¯β(0)| 0〉
= Π1(p
2)gαβ +Π2(p
2)pαpβ +Π3(p
2)γαγβ +Π4(p
2)γαpβ +Π5(p
2)γβpα . (20)
As we have already noted, the structures pαpβ, γαγβ, γαpβ and γβpα contain contri-
butions from spin-1/2 states. Therefore, in order to determine the decay constant of the
negative parity spin-3/2 baryon, the above-mentioned structures should be omitted. The
only structure which contains contributions from spin-3/2 states with both parity is gµν .
Retaining only this structure, and saturating (20) with spin-3/2 states, from the physical
part of the correlation function we get,
|λ+|2 ( 6p +m 3
2
+)
m 3
2
+ − p2 +
|λ−|2 ( 6p−m 3
2
−)
m 3
2
− − p2 + · · · (21)
Denoting the spectral densities ρ1(s) and ρ2(s) corresponding to the structures 6 pgαβ and
gαβ, respectively, and performing Borel transformation over −p2 we get,
|λ+|2 e−m 32+/M
2
+ |λ−|2 e−m 32−/M
2
=
∫ s0
0
dse−s/M
2
ρ1(s) ,
m 3
2
+ |λ+|2 e−m 32+/M
2
− |λ−|2m 3
2
−e
−m 3
2
−/M2
=
∫ s0
0
dse−s/M
2
ρ2(s) . (22)
Solving these equations for the mass and decay constant of the negative parity spin-3/2
N∗(1520) baryon, we get
m 3
2
− =
∫ s0
0
dse−s/M
2
s
[
m 3
2
+ρ1(s)− ρ2(s)
]
∫ s0
0
dse−s/M
2
[
m 3
2
+ρ1(s)− ρ2(s)
] (23)
|λ−|2 = e
m 3
2
−/M2
(m 3
2
− +m 3
2
+)
∫ s0
0
dse−s/M
2
[
m 3
2
+ρ1(s)− ρ2(s)
]
. (24)
In order to calculate the the spectral densities ρ1 and ρ2, we need to obtain the expressions
Π1 and Π2 corresponding to the structures 6 pgαβ and gαβ, respectively. The explicit forms
of Π1 and Π2 after the Borel transformation is performed, are given in Appendix B (see
also [10]). The spectral densities ρ1(s) and ρ2(s) can be obtained after applying the Fourier
transformation and performing continuum subtraction to these expressions.
In general, the electromagnetic properties of hadrons can also be described in terms of
the helicity amplitudes or multipole electromagnetic form factors instead of the form factors
G1, G2 and G3. The multipole electromagnetic form factors in our case are the magnetic
dipole GM , electric quadrupole GE and Coulomb quadrupole GC . These form factors are
6
defined as (see for example [6]):
GM = − 1√
6
mN
m 3
2
− −mN
[
(m 3
2
− −mN )2 +Q2
]
G1
m 3
2
−
, (25)
GE = − 1√
6
mN
m 3
2
− −mN
[
(m23
2
− −m2N −Q2)
G1
m 3
2
−
+ (m23
2
− −m2N)G2 − 2Q2G3
]
(26)
GC = − 1√
6
mN
m 3
2
− −mN
[
4m 3
2
−G1 + (3m
2
3
2
− +m2N +Q
2)G2
+ 2(m23
2
− −m2N −Q2)G3
]
(27)
The relations among helicity amplitudes and multipole form factors are given as follows:
A1/2 =
1
4C
(3GM −GE) (28)
A3/2 =
√
3
4C
(GM +GE) (29)
S1/2 = − |~q|e
4
√
2m 3
2
−
√√√√[(m 32− +mN )2 +Q2
6m 3
2
−mN
][
2m 3
2
−
m23
2
− −m2N
]
gC , (30)
where
C =
mN
e|~q|
√√√√[mN (m232− −m2N )
2m23
2
−
][
(m 3
2
− −mN)2 +Q2
(m 3
2
− −mN )2
]
,
gC = 4m 3
2
−G1 + (3m
2
3
2
− +m2N +Q
2)G2 + 2(m
2
3
2
− −m2N −Q2)G3 , and,
|~q| = 1
2m 3
2
−
√[
(m 3
2
− +mN )2 +Q2
][
(m 3
2
− −mN)2 +Q2
]
(31)
is the magnitude of the nucleon three-momentum in the rest frame of the N∗(1520) baryon.
3 Numerical analysis
Here in this section we present the numerical results of the LCSR prediction on the multipole
form factors, as well as helicity amplitudes for the γ∗N → N∗(1520) transition. The main
input parameters of this method are the distribution amplitudes (DAs), and we use the
results of [9] in the following numerical calculations. The values of the factors appearing in
the nucleon DAs are calculated within the LCSR, and they are given as:
fN = (5.0± 0.5)× 10−3 GeV 2 , [9]
λ1 = −(2.7± 0.9)× 10−2 GeV 2 , [11]
λ2 = −(5.4± 1.9)× 10−2 GeV 2 , [11]
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and Au1 = 0.13, V
d
1 = 0.3, f
d
1 = 0.33, and f
d
2 = 0.25 [11]. In calculation of the transition
form factors responsible for the γ∗N → N∗(1520) transition masses and decay constants of
the negative parity baryons, which are determined from the analysis of the two-point sum
rules (see Eq. (22)). These sum rules have two auxiliary parameters, namely, the Borel
mass parameter M2 and the continuum threshold s0. The working window for the Borel
mass parameter is determined from the condition that the nonperturbative and continuum
contribution should be less than, say, half of the perturbative contributions. The value
of the continuum threshold is determined from the condition that, the mass sum rules
reproduces the experimental value of the N∗(1520) mass with 10% accuracy.
The analysis of the mass sum rules shows that the criteria for the Borel mass parameter
which has been noted above, is fulfilled in the region 1.5 ≤ M2 ≤ 3.0 GeV 2. We also
observe that if the continuum threshold is chosen in the region s0 = (4.5± 0.5) GeV 2, sum
rules reproduce the mass of the N∗(1520) baryon with 10% accuracy, as the result of which
we get m− = (5.4 ± 0.1) GeV . In further analysis we shall use this value of m−, and the
above-mentioned regions of M2 and s0.
In Figs. 1, 2 and 3 we present the dependencies of the helicity amplitudes A1/2, A3/2
and S1/2 on Q
2, respectively, at several fixed values of the Borel parameter M2 and at
s0 = 4.0 GeV
2. In the numerical analysis we take into account the errors in the input
parameters and the graphs are presented at the minimum values of the input parameters.
In order to keep the higher twist and higher states contributions under control, Q2 is running
in the region 1.0 ≤ Q2 ≤ 5.0 GeV 2. From all these we figures we see that, the trend of
behavior for all three figures are the same, i.e., all three amplitudes tend to zero with
increasing Q2. Moreover, A3/2 is always positive, while A1/2 and S1/2 are alway negative
for all values of Q2. If the maximum values of the input parameters are taken into account,
the values of the helicity amplitudes increase slightly in modulo. Among all these three
amplitudes, A1/2 is less sensitive to the errors in the input parameters.
When we compare our results with the predictions of the spectator quark model [6],
we observe that our results on the value of A1/2 are approximately the same as with the
prediction of [6], and very close to the experimental result [7]. In the case of S1/2 amplitude,
our results are slightly smaller compared those given in [6]. This result demonstrates the
necessity for more precise determination of the input parameters. In the case for the A3/2
amplitude, our results are very close to the ones given in [6] within the limits of errors, as
well as to the experimental data given in [7].
Our prediction on the form factors and helicity amplitudes can be refined further by
taking the radiative corrections into account for the distribution amplitudes. The first
calculation along this line has been carried out in [12].
In summary, we study the γ∗N → N∗(1520) transition within the LCSR method. We
derive the sum rules for the magnetic dipole GM , electric quadrupole GE, and Coulomb
quadrupole GC form factors, and consequently for the helicity amplitudes A1/2, A3/2 and
S1/2. The Q
2 dependence of these helicity amplitudes are investigated. Finally, we compare
our results with the predictions of the covariant spectator quark model, and with the
existing experimental data.
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Appendix A
In this appendix we present the expressions for the functions ρ2, ρ4 and ρ6 which appear in
the sum rules for G1(Q
2), G2(Q
2), and
G2(Q
2)
2
−G3(Q2).
For the form factor G1
ρ6(x) = −32(1− x)m2Nm 32+(x2m2N +Q2) (eq1 ˇˇB6 + eq2
˜˜
B6) ,
ρ4(x) = 8eq1m
2
N
[
2(1− x)mN ( ˇˇB8 + ˇˇC6 + ˇˇD6)− (1− 2x)m 3
2
+
ˇˇB6
]
+ 8eq2m
2
N
[
2(1− x)mN ( ˜˜B8 + ˜˜C6 + ˜˜D6)− (1− 2x)m 3
2
+
˜˜
B6
]
+ 16eq3m
2
N
[
2(1− x)mN ̂̂B8 − xm 3
2
+
̂̂
B6
]
− 8eq1
1− x
x
mN
{
(x2m2N +Q
2)Bˇ2 +
[
x2m2N − (1− 2x)Q2
]
Bˇ4
+ 2x
[
(xm2N +Q
2)(Cˇ2 + Dˇ2)− xmNm 3
2
+(Bˇ5 + Cˇ5 − Dˇ5 − Pˇ2 − Sˇ2)
]}
− 8eq2
1− x
x
mN
{
(x2m2N +Q
2)B˜2 +
[
x2m2N − (1− 2x)Q2
]
B˜4
− 2x
[
(xm2N +Q
2)(C˜2 + D˜2) + xmNm 3
2
+(B˜5 + P˜2 + S˜2)
]}
+ 8eq3(1− x)mN
[
2(xm2N +Q
2)(B̂2 + B̂4) + xmNm 3
2
+(Ĉ4 − Ĉ5 − D̂4 + D̂5)
]
+ 16eq1m
2
Nm 32+
∫ x¯
0
dx3
[
AM1 − V M1 − (1 + x)TM1
]
(x, 1− x− x3, x3)
− 16eq2m2Nm 32+
∫ x¯
0
dx1
[
AM1 − V M1 + (1 + x)TM1
]
(x1, x, 1− x1 − x)
+ 16eq3m
2
Nm 32+
∫ x¯
0
dx1
[
x(AM1 − V M1 ) + 2TM1
]
(x1, 1− x1 − x, x)
ρ2(x) = −8eq1
mN
x
[
Bˇ2 − (1− 2x)Bˇ4 + 2x(Cˇ2 + Dˇ2)
]
− 8eq2
mN
x
[
B˜2 − (1− 2x)B˜4
]
− 16eq1
∫ x¯
0
dx3
{
(1− x)mN (A3 − P1 + S1 + V3)
− m 3
2
+
[
A1 − (1 + x)T1 − V1
]}
(x, 1− x− x3, x3)
− 16eq2
∫ x¯
0
dx1
{
(1− x)mN (P1 − S1)
+ m 3
2
+
[
A1 + (1 + x)T1 − V1
]}
(x1, x, 1− x1 − x)
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+ 16eq3
∫ x¯
0
dx1
{
(1− x)mN (A3 + V3)
+ m 3
2
+
[
x(A1 − V1) + 2T1
]}
(x1, 1− x1 − x, x) . (1)
For the form factor G2
ρ6(x) = −64eq1(1− x)m2N
{[
x2m2N − (1− 2x)Q2
]
ˇˇB6 + 2x
2mNm 3
2
+(2 ˇˇB8 +
ˇˇC6 +
ˇˇD6)
}
− 64eq2(1− x)m2N
{[
x2m2N − (1− 2x)Q2
] ˜˜
B6 + 2x
2mNm 3
2
+(2
˜˜
B8 +
˜˜
C6 +
˜˜
D6)
}
− 128eq3x(1− x)m2N
{
(xm2N +Q
2)
̂̂
B6 + xmNm 3
2
+(2
̂̂
B8 +
̂̂
C6 +
̂̂
D6)
}
ρ4(x) = 16eq1(3− 4x)m2N ˇˇB6
+ 16eq2(3− 4x)m2N ˜˜B6
+ 16eq1xmN
{
(1− x)mN
[
2Bˇ5 + Cˇ4 − Cˇ5 − Dˇ4 + Dˇ5 + 2(Eˇ1 + Hˇ1)
]
+ 2m 3
2
+
[
Bˇ2 − (1− 2x)Bˇ4 + x(Cˇ2 + Dˇ2)
]}
+ 16eq2xmN
{
(1− x)mN
[
2B˜5 + C˜4 + C˜5 − D˜4 − D˜5 − 2(E˜1 + H˜1)
]
+ 2m 3
2
+
[
B˜2 − (1− 2x)B˜4 − (1− x)(C˜2 + D˜2)
]}
+ 32eq3xmN
{
(1− x)mN (2B̂5 + Ĉ5 − D̂5)−m 3
2
+
[
2(1− x)B̂4 − x(Ĉ2 + D̂2)
]}
− 32eq1m2N
∫ x¯
0
dx3(1− x)
[
AM1 − TM1 − V M1
]
(x, 1− x− x3, x3)
+ 32eq2m
2
N
∫ x¯
0
dx1
[
TM1 + x(A
M
1 − TM1 − V M1 )
]
(x1, x, 1− x1 − x)
− 64eq3m2N
∫ x¯
0
dx1 xT
M
1 (x1, 1− x1 − x, x)
ρ2(x) = −32eq1
∫ x¯
0
dx3(1− x)
[
A1 − T1 − V1
]
(x, 1− x− x3, x3)
+ 32eq2
∫ x¯
0
dx1
[
T1 + x (A1 − T1 − V1)
]
(x1, x, 1− x1 − x)
− 64eq3
∫ x¯
0
dx1 xT1(x1, 1− x1 − x, x) . (2)
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For the form factor
G2
2
−G3
ρ6(x) = −128eq1(1− x)2m2N
[
(xm2N +Q
2) ˇˇB6 + xmNm 3
2
+(2 ˇˇB8 +
ˇˇC6 +
ˇˇD6)
]
− 128eq2(1− x)2m2N
[
(xm2N +Q
2)
˜˜
B6 + xmNm 3
2
+(2
˜˜
B8 +
˜˜
C6 +
˜˜
D6)
]
− 128eq3(1− x)2m2N
[
(xm2N +Q
2)
̂̂
B6 + xmNm 3
2
+(2
̂̂
B8 +
̂̂
C6 +
̂̂
D6)
]
ρ4(x) = −32eq1(1− x)m2N ˇˇB6 − 32eq2(1− x)m2N ˜˜B6 − 32eq3(1− x)m2N ̂̂B6
+ 16eq1(1− x)mN
{
(1− x)mN (4Bˇ5 + Cˇ4 + Cˇ5 − Dˇ4 − Dˇ5)
+ 2m 3
2
+
[
Bˇ2 − (1− 2x)Bˇ4 + x(Cˇ2 + Dˇ2)
]}
+ 16eq2(1− x)mN
{
(1− x)mN (4B˜5 + C˜4 + C˜5 − D˜4 − D˜5)
+ 2m 3
2
+
[
B˜2 − (1− 2x)B˜4 + x(C˜2 + D˜2)
]}
+ 16eq3(1− x)mN
{
(1− x)mN (4B̂5 + Ĉ4 + Ĉ5 − D̂4 − D̂5)
+ 2m 3
2
+
[
B̂2 − (1− 2x)B̂4 + x(Ĉ2 + D̂2)
]}
+ 32eq1m
2
N
∫ x¯
0
dx3(1− x)
[
AM1 − 2TM1 − V M1
]
(x, 1− x− x3, x3)
+ 32eq2m
2
N
∫ x¯
0
dx1(1− x)
[
AM1 − 2TM1 − V M1
]
(x1, x, 1− x1 − x)
+ 32eq3m
2
N
∫ x¯
0
dx1 (1− x)
[
AM1 − 2TM1 − V M1
]
(x1, 1− x1 − x, x)
ρ2(x) = 32eq1
∫ x¯
0
dx3(1− x)
[
A1 − 2T1 − V1
]
(x, 1− x− x3, x3)
+ 32eq2
∫ x¯
0
dx1(1− x)
[
A1 − 2T1 − V1
]
(x1, x, 1− x1 − x)
+ 32eq3
∫ x¯
0
dx1 (1− x)
[
A1 − 2T1 − V1
]
(x1, 1− x1 − x, x) . (3)
In the above expressions for ρi the functions F(xi) are defined in the following way:
Fˇ(x1) =
∫ x1
1
dx
′
1
∫ 1−x′
1
0
dx3F(x′1, 1− x
′
1 − x3, x3) ,
ˇˇF(x1) =
∫ x1
1
dx
′
1
∫ x′
1
1
dx
′′
1
∫ 1−x′′
1
0
dx3F(x′′1 , 1− x
′′
1 − x3, x3) ,
F˜(x2) =
∫ x2
1
dx
′
2
∫ 1−x′
2
0
dx1F(x1, x′2, 1− x1 − x
′
2) ,
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˜˜F(x2) = ∫ x2
1
dx
′
2
∫ x′
2
1
dx
′′
2
∫ 1−x′′
2
0
dx1F(x1, x′′2 , 1− x1 − x
′′
2) ,
F̂(x3) =
∫ x3
1
dx
′
3
∫ 1−x′
3
0
dx1F(x1, 1− x1 − x′3, x
′
3) ,
̂̂F(x3) = ∫ x3
1
dx
′
3
∫ x′
3
1
dx
′′
3
∫ 1−x′′
3
0
dx1F(x1, 1− x1 − x′′3 , x
′′
3) .
Definitions of the functions Bi, Ci, Di, E1 and H1 that appear in the expressions for
ρi(x) are given as follows:
B2 = T1 + T2 − 2T3 ,
B4 = T1 − T2 − 2T7 ,
B5 = −T1 + T5 + 2T8 ,
B6 = 2T1 − 2T3 − 2T4 + 2T5 + 2T7 + 2T8 ,
B7 = T7 − T8 ,
B8 = −T1 + T2 + T5 − T6 + 2T7 + 2T8 ,
C2 = V1 − V2 − V3 ,
C4 = −2V1 + V3 + V4 + 2V5 ,
C5 = V4 − V3 ,
C6 = −V1 + V2 + V3 + V4 + V5 − V6 ,
D2 = −A1 + A2 − A3 ,
D4 = −2A1 − A3 −A4 + 2A5 ,
D5 = A3 − A4 ,
D6 = A1 − A2 + A3 + A4 −A5 + A6 ,
E1 = S1 − S2 ,
H1 = P2 − P1 .
Note that in the numerical analysis for the form factors the masses of the light quarks
are all set to zero.
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Appendix B
In this appendix we present the expressions for the functions Π2 and Π2 corresponding to
the structures 6 pgαβ and gαβ , respectively, after the Borel transformation and continuum
subtraction are performed.
Π1 =
3
π4
M6E2(x)− 5
24π4
M2〈g2sG2〉E0(x) +
28
9M2
m20〈q¯q〉2 − 16〈q¯q〉2
Π2 = +
4
π2
M4〈q¯q〉E1(x)− 2
π2
m20M
2〈q¯q〉E0(x) + 1
9π2M2
m20〈g2sG2〉〈q¯q〉
− 1
3π2
〈g2sG2〉〈q¯q〉 , (1)
where
En(x) = 1− e−x
n∑
i=0
xi
i!
,
with x = s0/M
2, and s0 is being the continuum threshold.
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Figure captions
Fig. (1) The dependence of the helicity amplitude A1/2 on Q
2 at s0 = 4.0 GeV
2, and at
several fixed values of the Borel mass parameter M2.
Fig. (2) The same as in Fig. (1), but for the helicity amplitude A3/2.
Fig. (3) The same as in Fig. (1), but for the helicity amplitude S1/2.
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